Capacitance-voltage (C-V ) and transient capacitance characteristics of devices based on a thiophene-based conjugated polymer have been studied. C-V characteristics showed a hysteresis behaviour similar to one previously observed in current-voltage (I -V ) measurements. The hysteresis behaviour has been explained by considering accumulation of space charges in the polymer layer near the electrodes of the device. The amount of space charges has been found to increase with voltage amplitude. An asymmetry has been observed in charge distribution under forward and reverse bias directions. A voltage pulse was applied to 'write' a state, which has been 'read' by measuring the capacitance of the device. The polymer has been found to retain the stored data for more than 2 h. The slow relaxation of the stored charges, as evident from capacitance transients, has been identified to be responsible for memory applications of the polymer-based devices. We have established that the displacement current due to capacitance variation can generate the observed hysteresis in the I -V characteristics of the devices and hence memory effect in polymer-based devices.
Introduction
In the past two decades, a lot of application-based research has been carried out with conjugated polymers and organic semiconductors, especially in electronic and optical devices (see [1] and references therein, [2] [3] [4] [5] [6] [7] ). Following their success in light-emitting devices (LEDs) and field-effect transistors (FET), the range of their applications has recently been extended to switching devices [8] . Such devices show reproducible non-volatile switching effect, which has been compared with inorganic system-based memory elements [10] . Such a phenomenon in polymers has been explained in terms of expansion/reduction of the depletion layer at the polymer layers near the metal/polymer interfaces [8] .
In another work, while demonstrating pyroelectric effect in conjugated polymers [11] , it has been shown that a spatial distribution of accumulated space charges can be retained in a polymer layer by applying a voltage. Recently, we have shown that LED structures based on a thiophene-based polymer are a probable candidate for non-volatile data-storage applications [9] . The polymer's capability to retain a distribution of accumulated space charges after the application of a bias was studied in depth. The slow relaxation dynamics of the accumulated space charges gave rise to the 'memory effects' in these devices. A pump-pulse was applied to 'write' a 'state' in these devices, which had been shown to remain retained for more than an hour.
Since any accumulation of space charges will be reflected in the dielectric properties of the active layer or capacitance of the device, role of space charges and their relaxation dynamics can best be studied by impedance spectroscopy [12] [13] [14] [15] [16] . In order to study the role of space charges and their relaxation dynamics in the devices elaborately, we have carried out capacitance-voltage (C-V ) and transient capacitance measurements. In this paper, we also showed that the capacitance of a device could probe the 'state' of the devices.
Experimental
The polymer of interest in this paper was regioregular poly [3-(6-methoxyhexyl) thiopene] (P6OMe), whose molecular structure is shown in figure 1 . The polymer was synthesized according to [17] . The molecular weight of the polymer was determined as 24 000 by GPC, and the regioregularity was about 98%. Indium tin oxide (ITO) coated glass substrates were used for film deposition. The substrates were washed following standard procedure. A solution of P6OMe in chloroform (10 mg ml −1 ) was used to spin-cast the films at 3000 rpm on ITO-coated glass substrates, which resulted in uniform films with a thickness of 50 nm. Aluminium (Al) as top electrode was vacuum evaporated on the polymer film at a pressure below 10 −5 Torr. A mechanical mask used during Al deposition defined an active area of 6 mm 2 for each of the devices.
C-V characteristics were measured with a Keithley 590 CV analyser with Yokogawa 7651 dc voltage source providing the external dc bias. The output of the CV meter was applied to a device via PC controlled fast-switching transistors, so that even the 15 mV rms 100 kHz sinusoidal probe voltage does not fall on the device for a relatively longer duration. All the experiments were performed in vacuum and at room temperature. The devices were properly shielded and were kept in vacuum for 6 h prior to any measurements. The voltage was incremented in steps of 0.1 V and capacitance was measured after 10 s of application of each voltage. The sweeps towards 0 V was initiated after a wait of 60 s at the initial voltage of sweep. Between successive measurements, the devices were allowed to relax for at least 90 m. The instruments were interfaced with a personal computer via a GPIB interface.
Results and discussion
The current-voltage (I −V ) characteristics of ITO/P6OMe/Al devices, as reported in our earlier communication [9] , showed hysteresis behaviour. The inset of figure 2 reproduces such a behaviour for 2 V loop at a sweep speed of 10 mV s −1 . The area within the loop increased with an increase in voltage amplitude, but showed a little change with sweep speed. The origin of the hysteresis loops has been explained in terms of stored space charges at the polymer layer of the device. The space charges can increase electric field for enhanced charge injection. They can also screen electric field to rule I -V characteristics. It has further been shown that the contribution of displacement current due to voltage variation C(dV /dt) cannot generate such wide hysteresis loops in the I -V characteristics.
To study the contribution of displacement current due to capacitance variation, V (dC/dt), we have recorded C-V characteristics in ITO/P6OMe/Al devices. The C-V characteristics have been recorded for different voltage loops and at different sweep speeds. Such characteristics for 2 and 3 V loops with a sweep speed of 10 mV s −1 are shown in figure 2. Capacitance voltage characteristics for 2 V loops with two sweep speeds are also shown in the figure. All the characteristics showed hysteresis in the C-V profiles. Since the measurements have been done at 100 kHz, we expect the C-V characteristics to address the bulk property instead of the depletion layer of the device. The C-V hysteresis therefore shows that the region of stored space charges extends towards the bulk of the device and plays a role in charge injection processes. Any accumulation of space charges, at the interface or in the bulk, will enhance dielectric constant or capacitance of the device. It has been reported by several research groups that space charges get accumulated at the metal/polymer interface(s) and screen electric field, which in turn limit charge injection in the polymer layer [12, [18] [19] [20] [21] [22] . Such space charges have therefore influenced the device current to show hysteresis behaviour with respect to the applied voltage.
During the initial sweep from 0 to a positive voltage, a space charge layer (holes) gets accumulated in the polymer film near the ITO electrode resulting in polarization within the device. When the sweep direction was reversed (from a positive to a negative voltage), the device retained the spatial distribution of accumulated charges. This results in higher capacitance at any voltage as compared to that during the sweep to a positive voltage. When the voltage was swept to reverse bias, hole injection from the Al electrode begins, and the space charges in the polymer layer near ITO electrode start to become de-trapped, resulting in a polarization reversal. During reversal of the direction of sweep (from a negative voltage to 0 V), more charges remain de-trapped resulting in lower capacitance of the device. Accumulation of holes in the polymer layer near the Al electrode compensates for some of the space charges, resulting in asymmetry in C-V hysteresis.
We are using capacitance measurement as a technique to probe the nature of accumulated space charges and influence of traps, if any, in obtaining hysteresis behaviour in I -V and C-V characteristics. In an earlier communication [9] , we have suggested that the C(dV /dt) part of displacement current was not enough to yield I -V hysteresis. The C-V plots in figure 2 for 5 and 10 mV s −1 sweep speeds showed identical behaviour, suggesting that sweep speed have practically no influence on the process of space charge accumulation in the devices. The V (dC/dt) part of displacement current could therefore result in hysteresis behaviour. Considering device current (I ) to comprise of resistive (I r ) and displacement (I d ) parts, we have estimated (shown in the appendix) the total current as
where V SC represents the voltage at which the current becomes zero when the voltage is swept from a positive or negative value to zero. It gives a measure of the variation of density of space charges with applied voltage [9] . From the equation, we have simulated I -V characteristics under different voltage loops. Such a simulated characteristics for 2 V loop is shown in figure 3 , which is very similar in nature to the experimental results shown in the inset of figure 2. In spite of the simplicity of the assumptions, most of the characteristics of the I -V hysteresis appeared in the figure. This supports our earlier explanation that accumulated space charges generate displacement current, which in turn yield hysteresis in I -V characteristics. Higher voltage amplitude may result stronger spatial distribution of space charges, and thereby increasing area within the hysteresis loops.
The initial sweep voltages show that the amount of charges induced in the device increases with increase in voltage amplitude. When voltage sweeps were carried out from a negative voltage to 0 V, the capacitance of the device did not vary with the initial (negative) sweep voltage. The asymmetry in capacitance for the forward-and reverse-biased initial sweep voltage can be attributed to the stability of the space charges induced under such biases. In an ITO/polymer/Al sandwich device, the Fermi-level realignment causes holes and electrons to be stored initially at the polymer layers near the ITO and Al electrodes, respectively. When holes are to be stored near the Al electrode under reverse bias, the condition of charge storage may become unfavourable, causing no change in capacitance with the initial (negative) sweep voltage.
A conjugated polymer thin film device once poled by applying a bias can retain its charge distribution after the bias is withdrawn [9, 11] . The capacitance measurements during and after application of voltage pulse can best show the build-up and relaxation of charge carriers in the device, respectively. Figures 5(a) and (b) show transient capacitance responses, where the amplitude of voltage pulse and its duration have been varied, respectively. The voltage pulse can be considered as a pump-pulse to create a distribution of space charges in the device; while their state or relaxation process has been probed by measuring the capacitance of the device. The method of probing was kept non-destructive to the extent possible. After the pump-pulse was switched off, the device was kept in a floating mode. The state of the device was probed with 15 mV rms voltage of the CV analyser at regular time intervals and capacitance of the device was measured. The interval between the float and probe mode was controlled by the fastswitching transistor. The figures show that the capacitance increases during the voltage pulse. After the voltage pulse, the decay of capacitance to its initial value is a slow process and can take as long as 2 h. Thus, we can say that if we 'write' a 'state' by applying a voltage pulse, the 'state' can be 'read' by measuring capacitance of the device making it a probable candidate for data-storage device.
The show that transient capacitance follows a power law relationship with time following
where C is the difference with the steady-state capacitance value and α is related to exponential distribution characteristics energy, E t as [12] 
The linear behaviour in the plots shown in the inset of figures 5(a) and (b) indicates the existence of trap-states in the device. The plots show that E t increased with both amplitude and width of the pump voltage pulse. When the magnitude/width of the pump-pulse was small, the shallow traps of the device played a predominant role. Deeper traps are probed at higher amplitude/width of the pump-pulse. E t varied from 0.4 to 0.6 eV, with some additional contributions at longer times.
Summary
We have shown that memory effect in polymer-based devices ban be probed by capacitance of the structures. C-V characteristics under a voltage loop showed hysteresis behaviour, which has been explained in terms of accumulated space charges in the polymer layer near the ITO electrode. The amount of charges induced in the device has been found to increase with an increase in voltage amplitude. The relaxation of capacitance to its initial value has been a slow process, which can be as long as 2 h. Such a slow relaxation allows the structure to be used as non-volatile memory devices. We have showed that one can 'write' a 'state' by applying a pump voltage pulse and the 'state' can be 'read' by measuring capacitance of the device. Displacement current due to capacitance variation has been calculated, which has been found to yield hysteresis in I -V characteristics. The nature of this simulated I -V hysteresis has been compared with the experimental results.
